Abstract The 2011 M w 9.0 Tohoku, Japan, earthquake triggered deep tectonic tremor and shallow microearthquakes in numerous places worldwide. Here, we conduct a systematic survey of triggered tremor in regions where ambient or triggered tremor has been previously identified. Tremor was triggered in the following regions: south-central Alaska, the Aleutian Arc, Shikoku in southwest Japan, the North Island of New Zealand, southern Oregon, the Parkfield-Cholame section of the San Andreas fault in central California, the San Jacinto fault in southern California, Taiwan, and Vancouver Island. We find no evidence of triggered tremor in the Calaveras fault in northern California. One of the most important factors in controlling the triggering potential is the amplitude of the surface waves. Data examined in this study suggest that the threshold amplitude for triggering tremor is ∼0:1 cm=s, which is equivalent to a dynamic stress threshold of ∼10 kilopascals. The incidence angles of the teleseismic surface waves also affect the triggering potentials of Love and Rayleigh waves. The results of this study confirm that both Love and Rayleigh waves contribute to triggering tremor in many regions. In regions where both ambient and triggered tremor are known to occur, tremor triggered by the Tohoku event generally occurred at similar locations with previously identified ambient and/or triggered tremor, further supporting the notion that although the driving forces of triggered and ambient tremor differ, they share similar mechanisms. We find a positive relationship between the amplitudes of the triggering waves and those of the triggered tremor, which is consistent with the prediction of the clock-advance model.
Introduction
Following the first discovery of tectonic tremor at the Nankai subduction zone in southwest Japan (Obara, 2002) , tremor has been subsequently found along major plateboundary faults around the Pacific plates (Peng and Gomberg, 2010; Beroza and Ide, 2011, and references therein) . Tremor is located mostly below the brittle-ductile transition zone and has extended source duration and nonimpulsive arrivals that lack high-frequency content compared with regular earthquakes in the brittle upper crust. While most tremor occur spontaneously (also known as ambient tremor), sometimes tremor can be instantly triggered by dynamic stresses from regional (Guilhem et al., 2010) or teleseismic earthquakes (Miyazawa and Mori, 2006; Rubinstein et al., 2007; Gomberg et al., 2008) . Many recent studies suggest that shear faulting is responsible for generating tremor (Shelly et al., 2007; Peng and Gomberg, 2010) , and many of the characteristics of triggered and ambient tremor are similar . For instance, triggered tremor can mostly be found in regions where ambient tremor is active (Peng and Gomberg, 2010) , and their spectral shapes are similar (Rubinstein et al., 2007; . Moreover, at least part of the triggered tremor consists of many low-frequency earthquakes (LFEs) that also occur during ambient tremor Shelly et al., 2011) . Peng and Gomberg (2010) summarized observations around the world and suggested that teleseismically-induced dynamic stresses on the order of several kilopascals (kPa) are capable of triggering tremor. However, the triggering threshold appears to be variable from region to region. For example, the apparent triggering threshold is about 2-3 kPa at the Parkfield-Cholame section of the San Andreas fault (SAF; Peng et al., 2009 ), but it is about 8-10 kPa beneath the Central Range in Taiwan . It is still not clear whether such a difference is caused by different instrumentation or different tremor behavior.
The relationship between surface waves and tremor has been the subject of several recent studies. Gomberg (2010) proposed a clock-advance model in which triggered tremor is considered as sped-up ambient tremor such that the surface-wave stress perturbations exceed the failure threshold of the tremor patch. In particular, the instantaneous perturbed rate is proportional to the background rate, and a function describes how the perturbing stress changes the failure time of a fault patch. Gomberg (2010) further examined the relationship between the amplitudes of the triggering waves and triggered tremor from four observations in Cascadia (Rubinstein et al., 2009) and found that the results did not match the predictions of the clock-advance model. Chao, Peng, Wu, et al. (2012) found a positive relationship between the amplitudes of surface waves from nine teleseismic earthquakes and those of triggered tremor beneath the Central Range in Taiwan. In addition, Chao, Peng, Fabian, et al. (2012) compared triggered tremor observed in the Parkfield-Cholame section of the SAF with the San Jacinto fault (SJF) in southern California and the Calaveras fault (CF) in northern California. The results suggested that the abundant triggered tremor observations in Parkfield and the relative lack of triggered tremor observations in the other two regions could be related to their background tremor rates. These results suggest a need for further studies that examine the relationship among triggering surface waves, triggered tremor, and background tremor rate.
The 2011 M w 9.0 Tohoku, Japan, earthquake triggered widespread shallow earthquakes and deep tectonic tremor activity in many places around the world (Miyazawa, 2011; Rubinstein et al., 2011; Wang et al., 2011; Gonzalez-Huizar et al., 2012; Hill et al., 2013; Peng et al,, 2013) . These observations provide opportunities for testing the clockadvance model (Gomberg, 2010) and understanding the triggering mechanisms and conditions for tremor generation. In this study, we systematically examine triggered tremor during the surface waves of the Tohoku mainshock in many regions where ambient or triggered tremor has been previously observed ( Fig. 1 and Ⓔ Table S1 in the electronic supplement). In the following sections, we first show the observations and locations of triggered tremor in each region. Then, we calculate the dynamic stresses of surface waves at various tectonic settings and estimate their triggering potential. Finally, we discuss the prediction of the clock-advance model and the implications of our observations.
Data and Analysis Procedure
The analysis procedure generally follows that of previous studies (Peng et al., 2009; Chao, Peng, Wu, et al., 2012) and is briefly described here. We download three-component broadband and short-period seismograms in each region (see Data and Resources) , select the data from 1000 s before and 9000 s after the origin time of the Tohoku mainshock, remove the mean of the signals, and generate either band-pass (2-8 Hz) or high-pass (> 5 Hz) filtered seismograms. We also remove the instrument response (i.e., full-frequency response division) to obtain velocity and displacement seismograms and compare them with the high-frequency signals. In each region, we visually inspect the waveforms for potential tremor during the passage of the Tohoku mainshock surface waves, assuming that the tremor signature is a high-frequency nonimpulsive signal with no clear P-or S-wave arrivals. We require that the tremor signals be recorded by at least three nearby stations and that the signal-to-noise ratio for tremor is higher than 1.5 (Chao, Peng, Fabian, et al., 2012; Chao, Peng, Wu, et al, 2012) . We also compute the spectrogram of seismic data recorded at selected stations and use them to help determine the suitable frequency range (2-8 Hz band-pass filter or 5 Hz high-pass filter) and component (i.e., E, N, or Z) that produce the tremor signals.
Once a tremor sequence is identified, we locate each tremor burst by a conventional envelope cross-correlation method (Obara, 2002; Peng and Chao, 2008) . Specifically, we search for the location that corresponds to the minimum root mean square (rms) between the theoretical and observed travel-time differences for all possible station pairs. (See Appendix A for detailed analysis procedures.) The error is estimated from the χ-square distribution within a 68% confidence level (Shearer, 1999; Chao, Peng, Wu, et al., 2012) . Because the depth is normally not well constrained by using such a method , we fix the tremor depth to be at 25 km along the SAF and Taiwan, 35 km in the relatively young subduction zones (e.g., southwest Japan, Cascadia), and 45 km in the relatively old subduction zones (e.g.,
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1 2 0°E Figure 1 . A summary map of triggered and ambient tremor locations around the world. The large stars show the study regions of triggered tremor following the 2011 M w 9.0 Tohoku, Japan, earthquake. The small stars mark the newly identified regions with triggered tremor reported by recent studies (e.g., Rubinstein et al., 2011; Gonzalez-Huizar et al., 2012; Peng et al., 2012; Zigone et al., 2012; Aiken et al., 2013) . Regions where episodic tremor and slowslip events have been observed are marked as squares. The color version of this figure is available only in the electronic edition.
the Aleutian Arc, Alaska, and New Zealand). These numbers are primarily based on previous studies, and we also take into consideration the fact that when the age of the subducting plate is older, tremor tends to occur deeper (Ide, 2012) . In regions where tremor appears to come from multiple locations, we divide the seismic data into several groups and locate the tremor of each group separately (see Appendix A). The detailed tremor location information for all regions can be found in Tables 1 and Ⓔ S1 (available as an electronic supplement to this paper).
Triggered Tremor Observations
In this section, we describe the characteristics of triggered tremor we found in nine of our study regions (Table 1) : Nankai, Taiwan, the Aleutian Arc, Alaska, Vancouver Island, southern Oregon, central California, southern California, and New Zealand. In addition, we also include several regions where ambient or triggered tremor have been found in previous studies, but no triggered tremor occurred during the Tohoku mainshock (i.e., the CF in northern California and Guerrero in Mexico) and in regions where the Tohoku mainshock triggered tremor, but were not analyzed in this study (i.e., Cuba; Gonzalez-Huizar et al., 2012; Peng et al., 2013) . We sort these regions according to their distances relative to the epicenter of the Tohoku mainshock. We measure the peak ground velocities (PGVs) for the Love and Rayleigh waves shown in the instrument-corrected transverse and vertical-component seismograms, respectively. In addition, we compute the expected PGV at each station based on the surface-wave magnitude M S equation (Lay and Wallace, 1995; van der Elst and Brodsky, 2010) log 10 A 20 M S − 1:66 log 10 Δ − 2;
(1) where Δ is the epicentral distance in degrees, and A 20 is the peak surface-wave displacement at 20 s. We obtain the surface wave magnitude, M S 8:4, for the Tohoku mainshock based on the empirical estimation (Geller, 1976; Stein and Wysession, 2003) . We also assume a predominant period (T) of 20 s for the surface waves and convert the peak displacement (A 20 ) to peak velocity ( _ u) with the equation _ u ≈ 2πA 20 =T (Aki and Richards, 2002) .
Finally, we estimate the corresponding dynamic stress (Δσ) based on equation (2), using a shear rigidity (G) of 35 GPa and a phase velocity (v) of 4:1 and 3:5 km=s for Love (transverse component) and Rayleigh (vertical component) waves, respectively,
Because these are nominal numbers, reasonable changes in their actual values do not substantially change our results. As shown in Figure 2 , the epicentral distance mainly controls the PGVs and the associated dynamic stresses for all the regions examined in this study, which is expected from the above two equations. The horizontal dotted line marks the dynamic stress of a triggering threshold of 10 kPa, which corresponds to the measured PGVs of ∼0:1 cm=s. Note that at distances greater than 9000 km, the observed dynamic stress estimated using equation (2) is approximately 10 kPa and systematically larger than the theoretical values. This is likely caused by the convergence of the surface-wave trains when the great circle distance is larger than 90°.
Nankai, Japan
Widespread ambient tremor activity in the Nankai subduction zone has been the focus of intense study since 2002 (Obara, 2002 (Obara, , 2011 Ide, 2010) . While ambient tremor occurs in the Shikoku, Kii, and Tokai regions, parallel to the Nankai trough (Obara et al., 2010) , triggered tremor is found in particular spots in these regions (Miyazawa and Mori, 2005, 2006; . Here we focus only on the Shikoku region because the Kii and Tokai regions are close to the Tohoku epicenter (i.e., less than 800 km) such that early aftershock signals from the Tohoku rupture zone may overprint and obscure any locally triggered tremor signals.
We find at least two tremor sources in Shikoku during the passing surface waves of the Tohoku mainshock. For the source in western Shikoku, the first tremor burst occurred during the arrivals of Love and Rayleigh waves between 350 and 450 s (Fig. 3) . Additional tremor bursts with smaller amplitudes continued until 800 s (Ⓔ Fig. S1 in the electronic supplement). In central Shikoku, clear tremor bursts were mainly associated with Rayleigh waves between 350 and 500 s, and smaller amplitude tremor bursts lasted until 700 s (Ⓔ Fig. S1 in the electronic supplement). Study examining Figure 2 . Theoretical and observed dynamic stress in each of our study regions versus epicentral distance to the Tohoku mainshock. Numbers indicate the different study regions and the seismic station used for measuring the peak ground velocity (PGV). The observed dynamic stress is calculated from the PGVof surface waves in transverse and vertical components from the broadband and strongmotion (with * symbol) stations (Ⓔ Table S2 in the electronic supplement). The horizontal dashed line marks the apparent tremor triggering threshold, which corresponds to a dynamic stress threshold of ∼10 kPa. The color version of this figure is available only in the electronic edition. (Rubinstein et al., 2007 (Rubinstein et al., , 2009 Gomberg, 2010 No triggered tremor. Ⓔ Figure S4 (available as an electronic supplement) ‡ Chao, Peng, Fabian, et al. , 2012) Costa Rica A Global Search for Triggered Tremor Following the 2011 M w 9.0 Tohoku Earthquake the relationship between triggered tremor and surface waves in this region is ongoing (Enescu et al., 2012) . We also compare the triggered tremor sources with the ambient tremor locations (Obara et al., 2010) one month before and after the Tohoku earthquake within 50 km of the epicenter of triggered tremor sources. As shown in Figure 3a , hourly ambient tremor generally occurred in the down-dip directions as compared with the triggered tremor. Even if we do not fix the triggered tremor depth at 35 km, the change in the best-fitting horizontal location is within 0:02°, which would still place the triggered tremor at the up-dip edge of the ambient tremor zone. In addition, ambient tremor activity in both regions shows slightly different temporal patterns before and after the Tohoku mainshock. In western Shikoku, while ambient tremor was not active before the Tohoku mainshock, tremor activity significantly increased after the mainshock (Fig. 3c) . In central Shikoku, while ambient tremor episodes were active before the Tohoku mainshock, their occurrence rates did not significantly change after the mainshock (Fig. 3d ). We note that no large amplitudetriggered tremor identified in the first 800 s was listed in the ambient tremor catalog (Obara et al., 2010) .
Taiwan
Triggered tremor has been found in the southern Central Range of Taiwan, an arc-continent collision environment (Peng and Chao, 2008; Tang et al., 2010; Chao, Peng, Wu, et al., 2012) . Triggered tremor is mainly located in the lower crust below the seismogenic zone and above the Moho (Tang et al., 2010; Chao, Peng, Wu, et al., 2012) . However, it is still unclear whether it occurs on the low-angle detachment fault or the high-angle thrust fault beneath the Central Range. It has also been observed in the northern Central Range (Peng and Chao, 2008; Chao, Peng, Wu, et al., 2012) . However, accurate tremor locations and tremor-generation environments are still unclear because of a lack of high-quality recordings of tremor from many nearby stations. Recently, Chao et al. (2011) also found ambient tremor in the southern Central Range around the source regions of triggered tremor.
The Tohoku mainshock triggered at least three tremor sources in Taiwan (Fig. 4) . The best-fitting tremor location in the southern Central Range is close to triggered tremor sources from previous studies (Peng and Chao, 2008; Tang et al., 2010; Chao, Peng, Wu, et al., 2012) . As shown in Figure 4b , the strongest tremor burst occurred when the Love wave started at ∼730 s and continued until 1000 s with subsequent Rayleigh waves. Two possible weak tremor bursts occurred between 620 and 680 s, and were recorded at stations TPUB, ELD, and WTP during the S wave and the beginning of the Love waves. In northern Taiwan, we identify two sources of triggered tremor close to previously identified°°°°°°°( a) (b) tremor locations . The first is beneath the northern Central Range near the broadband station NACB (Fig. 4a) . A clear tremor burst occurred at ∼600 s during the S wave and the beginning of the Love wave and continued up to ∼950 s during the subsequent Love and Rayleigh waves. At another source farther north near the coast and around station TWC, tremor bursts occurred mainly between 700 and 800 s.
Aleutian Arc and Alaska
Ambient tremor occurred in south-central Alaska (Peterson and Christensen, 2009) and the Aleutian Arc (Peterson et al., 2011; Brown et al., 2013) . In south-central Alaska, ambient tremor episodes mostly occur during slow-slip events (Peterson and Christensen, 2009 ), but no slow-slip events have been observed in the Aleutian Arc. In the central Aleutian Arc, the passing surface waves of the Tohoku mainshock generated three tremor sources near the volcano islands of Makushin, Akutan, and Shishaldin (Fig. 5) , close to the main ambient tremor sources from the previous study (Peterson et al., 2011) . The first tremor source, located on the island of Makushin, occurred during the arrival of the Love wave between 1000 and 1050 s. The second tremor source was located between the Makushin and Akutan islands and occurred during the Rayleigh waves between 1050 and 1200 s. The third tremor source was triggered farther northeast near Shishaldin volcanic island during the passing Rayleigh waves at around 1200 s. Flinchum and Brudzinski (2011) and Rubinstein et al. (2011) identified tremor beneath south-central Alaska triggered by the Tohoku earthquake. We further examine the source of triggered tremor in this region. A small-amplitude tremor burst occurred at ∼1300 s during the arrival of the Love waves (Fig. 6 ). Subsequent Rayleigh waves triggered high-amplitude tremor bursts between 1400 and 2200 s. Triggered tremor was located near station KLU east of the region where previous ambient tremor was found (i.e., around station SAW; Peterson and Christensen, 2009) . It is also possible that additional tremor (note the different tremor signals at station RC01) might be triggered in the surrounding regions. However, because these regions contain only eight seismic stations, some as far as 400 km away from the tremor source, we do not have enough seismic station recordings to locate them accurately.
Cascadia
One of the most well-studied regions with episodic tremor and slip (ETS) is the Cascadia subduction zone (Gomberg and the Cascadia 2007 and Beyond Working Group, 2010; Beroza and Ide, 2011) . In northern Cascadia, ETS occurs every 14:51 months and lasts for about 2-3 weeks (Miller et al., 2002; Rogers and Dragert, 2003; Gomberg and the Cascadia 2007 and Beyond Working Group, 2010; Wech and Creager, 2011) . Triggered tremor has also been observed beneath Vancouver Island in northern Cascadia (Rubinstein et al., 2007 (Rubinstein et al., , 2009 ) and the Cascadia subduction zone in central Washington (Gomberg, 2010) . Following the 2011 Tohoku earthquake, triggered tremor was identified near Vancouver Island (Rubinstein et al., 2011) and southern Oregon . Figure 7 shows the location and waveforms of a Tohokutriggered tremor in northern Vancouver Island. The tremor, which occurred near station MAYB, was close to the source regions of previously identified triggered tremor sources (Rubinstein et al., 2007 (Rubinstein et al., , 2009 . As found in other regions, the tremor first occurred during the arrival of the Love wave at ∼1600 s, and was further modulated by subsequent Rayleigh waves.
We compare the ambient tremor activity one month before and after the Tohoku mainshock (Fig. 7c) as listed in the Source-Scanning Algorithm (SSA) tremor catalog (Kao and Shan, 2004; Kao et al., 2010) . Triggered tremor was located further towards the trench as compared with the ambient tremor locations (Fig. 7a) . In addition, the ambient tremor in this region was sporadic with bursts of activity at 29 and 4 days before the occurrence of the Tohoku mainshock. There was a clear increase in the number of tremor episodes starting a few hours after the Tohoku mainshock. Additional tremor episodes occurred about 9 days after the mainshock. We also examine the tremor activities listed in the Waveform Envelope Correlation and Clustering catalog (WECC; Wech and Creager, 2008; Wech, 2010) during the same time period, and find that most of them occurred in the southern portion of Vancouver Island. According to this catalog, there was no ambient tremor a few days before and after the Tohoku mainshock (Fig. 7d) .
In southern Oregon, clear tremor bursts occurred during the Love and Rayleigh waves recorded at station HUMO , and other nearby stations (Fig. 8) . Weak tremor signals appeared to start right after the teleseismic S wave and became further intensified during the subsequent long-period Love (∼1700-1900 s) and Rayleigh waves (∼2000-2200 s). Tremor continued to be modulated by the short-period Rayleigh waves up to ∼3000 s. We are able to identify nine coherent tremor peaks at three nearby stations and the average tremor location is close to station K02D. We also examine the ambient tremor activities (Wech and Creager, 2008; Wech, 2010) one month before and after the Tohoku mainshock, and find that no tremor occurred within a few days around that mainshock. In addition, the triggered tremor appears to locate just outside a cluster of ambient tremor. A tremor observed at station L04D had different moveout with the rest stations, suggesting a possible new source region. In contrast, no clear triggered tremor took°°°°°°°°°°°°( b) (a) 
Parkfield, Central California
The Parkfield-Cholame section of the SAF in central California is another region where ambient (Nadeau and Dolenc, 2005; Nadeau and Guilhem, 2009; Shelly et al., 2009; Shelly and Hardebeck, 2010) and triggered Peng et al., 2009 Shelly et al., 2011) tremors have been well studied. Rather than locating the tremor with our envelope cross-correlation technique, we take advantage of the existing LFE catalog (Shelly and Hardebeck, 2010) and use the LFEs during teleseismic waves to quantify spatiotemporal evolutions of the triggered tremor. Hill et al. (2013) conducted a detailed analysis of the tremor around Parkfield, triggered by the 2011 Tohoku mainshock. Here, we briefly summarize their observations. A weak tremor burst was first triggered at ∼1400 s by the arrival of an S wave and the tremor source was located in the creeping section of the SAF, northwest of station PKD (Fig. 9) . A weak tremor burst triggered by the SHSH wave (e.g., an SH wave reflected by the Earth's surface midway between the epicenter and Parkfield) at ∼1600 s was located beneath the hypocenter of the 2004 M w 6.0 Parkfield earthquake. Afterwards, the Love wave triggered two tremor bursts near Cholame, at about 1800 and 1950 s, respectively. The subsequent Rayleigh waves also triggered multiple tremor sources scattered in both the creeping section of the SAF and around Cholame. As with similar other regions, we further examined ambient tremor six days before and after the Tohoku mainshock. As shown in Figure 9b , clear tremor episodes occurred 2, 4, and 6 days before the Tohoku mainshock, and tremor activity clearly increased during the (Rubinstein et al., 2007) . The small circles mark the locations of ambient tremor one month before and after the Tohoku mainshock listed in the Source-Scanning Algorithm (SSA) tremor catalog (Kao and Shan, 2004; Kao et al., 2010) . The small triangles show ambient tremor locations during the same period listed in the Waveform Envelope Correlation and Clustering (WECC) tremor catalog (Wech and Creager, 2008; Wech, 2010) . Other notations are the same as in Figure 3a teleseismic waves and in the first few hours afterwards. However, we did not find any significant changes in tremor activities a few days after the mainshock.
San Jacinto Fault, Southern California
The 2002 M w 7.9 Denali fault earthquake is the only teleseismic event previously observed to have triggered tremor along the SJF in southern California Chao, Peng, Fabian, et al., 2012) . In addition, although several studies have attempted to identify ambient and additional triggered tremor in this region (Hillers and Ampuero, 2009) , ambient tremor has not been detected with current instrumentation (J. Ampuero, personal comm., 2011).
Here we identify possible tremor triggered at the SJF during the passing surface waves of the Tohoku earthquake. We first examine spectrograms of several recordings at broadband stations RDM, KNW, and CRY and determine that tremor signals are best shown in the horizontal component with a frequency range of 4-10 Hz. The first tremor burst occurred during the Love wave at ∼2050 s. Additional tremor bursts occurred between 2350 and 2550 s during the later-arriving Rayleigh waves (Fig. 10) . In addition, a local earthquake occurred at ∼2240 s during the first few cycles of the Rayleigh waves. The tremor during the Tohoku surface waves was located in the Anza section of the SJF, about ∼36 km southeast of the tremor source triggered by the Denali fault earthquake .
North Island, New Zealand
The Hikurangi Subduction Margin, New Zealand, marks the convergent plate boundary where the Hikurangi Plateau, part of the Pacific plate, subducts beneath the North Island at (Fry et al., 2011) and ambient (Kim et al., 2011; Ide, 2012) tremor have been found in the North Island of New Zealand, near the regions of deep slow-slip events (Wallace and Beavan, 2010) . In addition, ambient tremor has been observed on the Alpine fault in the South Island (Wech et al., 2012) . The Tohoku mainshock also triggered clear tremor bursts at stations BKZ and BHHZ (Fig. 11) , mostly during the passing Rayleigh waves between 2650 and 2900 s. The tremor source is located southeast of Lake Taupo, which is about 60 km northeast of the tremor source triggered by the 2010 M w 8.8 Chile mainshock (Fry et al., 2011) . In general, these triggered tremor sources occurred around ambient tremor (Ide, 2012) and aligned parallel to the subduction zone trench.
Other Regions
Ambient tremor and episodic slow-slip events have been found along the Middle-American Trench in Guerrero, Mexico (Payero et al., 2008) and in Costa Rica (Brown et al., 2009; Outerbridge et al., 2010; Walter et al., 2011) . Tremor triggered by the 2010 M w 8.8 Chile earthquake was found in Guerrero, but no clear triggered tremor was identified in that region during the 2011 Tohoku earthquake (Zigone et al., 2012) . In addition, so far, no triggered tremor has been found in Costa Rica (Swiecki and Schwartz, 2010) . We find possible high-frequency bursts that coincide with the arrival of°°°°°°( a) (b) Love waves at the broadband station JTS in Costa Rica (Ⓔ Fig. S3 in the electronic supplement). However, we could not confirm the existence of a triggered tremor based only on a single-station record. We also examined seismic recordings in the CF in northern California, where the 2002 Denali fault earthquake has triggered tremor Chao, Peng, Fabian, et al., 2012) , but have not found any clear triggering during the Tohoku mainshock (Ⓔ Fig. S4 in the electronic supplement). Gonzalez-Huizar et al. (2012) reported triggered tremor at station SAO in the creeping section of the SAF, station GNI in Armenia, station HUMO in south Oregon, and station GTBY in Cuba. Because station SAO is only ∼88 km away from the northwesternmost tremor on the creeping section of the SAF, it is not clear whether the recorded tremor signals originated from a new source region or if they could have been generated by the same source from the ParkfieldCholame section, as shown in Figure 9 . The 2011 Tohoku event has triggered tremor-like signals at station GNI in Armenia. Because the number of stations that recorded the tremor does not meet our selecting criterion (i.e., not recorded by at least three nearby stations in Armenia), we cannot say with the same level of certainty that these represent triggered tremor, nor can we accurately locate them. The 2010 M w 8.8 Chile earthquake and its large aftershocks also triggered tremor in Cuba . By examining regional seismic network data during the Tohoku earthquake, Peng et al. (2013) identified at least two triggered tremor sources near the left-lateral Oriente fault. From these findings, we include only the Cuba case in a subsequent analysis in Figures 12 and 13 .
Tremor Amplitudes and Dynamic Stress Changes
In this section we quantify the relationship between tremor amplitudes and dynamic stress changes in all 13 regions that we have examined in this study. In regions with multiple tremor sources (e.g., Japan, Taiwan, the Aleutian Arc), we measure the values for each tremor source separately.°°°°°( a) (b) Figure 3b . The color version of this figure is available only in the electronic edition.
As mentioned before, the PGV is measured as the maximum peak on the transverse and vertical components of velocity seismograms within the apparent velocities of 5 to 2 km=s. To measure tremor amplitude, we follow our previous studies (Chao, Peng, Fabian, et al., 2012; Chao, Peng, Wu, et al., 2012) and compute the median amplitude of triggered tremor from the two horizontal-component band-pass-filtered displacement seismograms during large-amplitude surface . The station names marked with an asterisk (*) and a cross () indicate strong-motion sensors (BL) and extremely shortperiod (EH) instruments, respectively (see Ⓔ Table S2 in the electronic supplement, for detailed instrument descriptions). Others are measured from broadband stations (BH or HH). The correlation coefficient (CC) and the slope of the fitting line are calculated for the median tremor amplitudes and corresponding dynamic stresses (shaded circles). The color version of this figure is available only in the electronic edition.
waves. To ensure that the tremor amplitudes at different sites are comparable, we use a fixed frequency range between 5-15 Hz. Because the median triggered tremor amplitude is not sensitive to the choice of the frequency range (2-8 Hz or 5-15 Hz), we chose 5-15 Hz to avoid the contamination of aftershock signals from the Tohoku mainshock rupture zone, especially in the Nankai region. Displacement seismograms were integrated from the band-pass-filtered velocity seismograms for the purpose of amplitude correction as described below. In regions with no triggered tremor, we measure the median amplitudes of 5-15 Hz band-pass-filtered seismograms during the surface-wave time period within the apparent velocities of 5-2 km=s. Finally, we compute the median amplitudes of the background noise during the 600 s before the arrival of the P wave of the mainshock. We correct for the effects of geometrical spreading (Boore, 2003) and attenuation (Shearer, 1999; Chao, Peng, Fabian, et al., 2012) with the following equation:
where A station is the observed tremor amplitude at a station, A source is the amplitude at the tremor source (referred to as "corrected tremor amplitude"), R is the hypocentral distance between a station and the tremor source, 1=R is the geometrical spreading function (for R < 70 km), f is the dominant frequency, V S is the shear-wave velocity, and Q is a quality factor. Here we assume constant Q 100 and average V S 3:9 km=s for the lower crust (Shearer, 1999 ) and assume f 6 Hz with the highest amplitude of triggered tremor (Rubinstein et al., 2007) .
As shown in Figure 12 , the median tremor amplitudes positively correlate with the dynamic stresses estimated from both Love and Rayleigh waves on the transverse and vertical components, respectively (Fig. 12) . The correlation coefficient (CC) in the log-log scale is more than 0.60 for measurements both before and after the amplitude corrections. The corresponding two-tailed p value is 0.023, indicating that the correlation is significant at a 95% confidence level. In comparison, background noise does not show any correlation with dynamic stress.
Modeling of Tremor Triggering Potential
To quantify the triggering capability of surface waves from the Tohoku earthquake in different regions, we follow the modeling approach used by Hill (2008 Hill ( , 2010 Hill ( , 2012a and Gonzalez-Huizar and Velasco (2011) for triggered earthquakes. Assuming shear faulting at nearby major plateboundary faults is responsible for generating tremor signals, we use two modeling approaches that follow a simple Coulomb failure criterion. In the first approach, we estimate the capability of surface waves with fixed amplitude and frequency to trigger tremor on a fault plane with a specific orientation and faulting mechanism. In the second approach, we use time-dependent frequency and amplitude information of the triggering wave to model time-dependent dynamic stresses or stress grams. Figure 13 . Surface-wave triggering potentials for three simplified tectonic models. Panels (a), (b), and (c) show idealized maps for the tectonic models, and the arrows represent the surface-wave incident angles relative to the strike of the major faults in each region. Panels (d), (e), and (f) show the normalized triggering potential of the Love (solid lines) and Rayleigh (dash lines) waves as a function of the incident angles for the tectonic models in (a), (b), and (c), respectively. The normalization factor (n.f.) is shown for each plot. Vertical lines in the triggering potential plots define the incident angle for each of the regions where tremor was triggered. The color version of this figure is available only in the electronic edition.
First, we compute the triggering potential P(γ) as the amplitude of the stress orbit projected onto the normal of the Coulomb failure envelope (equivalent to the dynamic Coulomb Failure Function, ΔCFF) and normalized by the maximum radius (semimajor axis) for the suite of orbits spanning all incidence angles γ of the incoming waves (Hill, 2012b) . The null and maximum triggering potential is 0 and 1, respectively. Here we assume a predominant period of 20 s for both Love and Rayleigh waves. We use the same elastic and velocity parameter values defined in table 1 of Hill (2012a), a coefficient of static friction of 0.2, and a Skempton coefficient equal to 0.8. As stated above, we group our study regions into three tectonic models. For strike-slip faults (e.g., SAF and SJF), we use a vertical fault and set the tremor depth at 25 km. For the relatively young subduction zones (e.g., southwest Japan and Cascadia), we use a 15°shallow dipping fault and set the tremor depth at 35 km. For the relatively old subduction zones (e.g., Aleutian Arc, Alaska, and New Zealand), we use a 25°dipping angle to approximate the subduction-zone plate interface, and set the tremor depth at 45 km (e.g., Brown et al., 2013) . Because the faulting style for tremor in Taiwan is still not clear (Tang et al., 2010; Chao, Peng, Wu, et al., 2012) , we do not include the results from Taiwan in this analysis. Figure 13 shows the triggering potentials for Love and Rayleigh waves for each of the simplified tectonic models. For strike-slip faults (Fig. 13a,d) , Love waves show a higher triggering potential than Rayleigh waves for the incident direction parallel to the strike of each tectonic region. This finding indicates that we should expect more predominant tremor activity while Love waves are passing, which is generally consistent with observations at Parkfield (Fig. 9 ) and along the SJF (Fig. 10) . However, Rayleigh waves triggered larger amplitude tremor than Love waves in Parkfield (Fig. 9 ) and in Cuba . For the relatively young subduction zones (Fig. 13b,e) , Love waves have a much higher triggering potential than Rayleigh waves for the incident angles of interest. Thus, we expect triggered tremor bursts with high amplitudes during the arrival of Love waves, which were observed in these regions (e.g., Figs. 3 and 7) . Finally, for the relatively old subduction zones model (Fig. 13c,f) , Love waves still show higher triggering potential. In this case, we expect higher amplitudes in triggered tremor rates during Love waves than during Rayleigh waves (e.g., Fig. 5) . Overall, the triggering potential is similar in both young and old subduction zones. This is generally consistent with the observations that triggered tremor in the Nankai, Aleutian Arc, Alaska, and Vancouver Island was initiated by Love waves rather then the later passage of Rayleigh waves triggered by tremor bursts (e.g., Figs. 3, 5, 6, and 7) .
For this simple modeling, the triggering potential for the Love and Rayleigh waves is calculated with a constant dominant period of 20 s and equal amplitude. In addition, as shown in Figure 9 , tremor triggered by the Love and Rayleigh waves may occur in different regions, which would also result in different amplitudes. Finally, the comparisons between triggering potential and tremor amplitudes are qualitative. To obtain a more quantitative estimate of how dynamic stress triggers tremor, we need to know the precise amplitude and frequency of the triggering wave at the exact time when tremor pulse occurs, which can be accomplished by time shifting the triggered tremor and triggering waves back to the tremor source (e.g., Peng et al., 2009; Rubinstein et al., 2009) . Therefore, precise triggered tremor locations and related fault-plane orientations are needed to produce an acceptable estimate of triggering dynamic stress.
In the second approach, we calculate the stress grams for two representative tectonic regions with precise triggered tremor locations: the Parkfield-Cholame strike-slip section of the SAF, and the subduction zone in Western Shikoku, Japan (Fig. 14) . In both cases, we calculate individual dynamic stress tensors for surface waves with varying amplitudes and frequencies as measured from consecutive peaks in the displacement seismograms. Then, the time-dependent stress values are interpolated to obtain a continuous stressgram signal. For the SAF, the stress grams are calculated for a vertical strike-slip right-lateral fault with a strike angle of 319° , and a tremor source of 25 km depth. For the western Shikoku, we use a tremor source of 35 km depth for a thrust fault of strike and dip angles of 225°and 15°, respectively Hill, 2010 Hill, , 2012b ; Ⓔ Table S4 in the electronic supplement). For both fault planes, we use a coefficient of static friction μ 0:2 (Hill, 2010 (Hill, , 2012b , as justified by the inference of near-lithostatic pore pressure at tremor depth from tidal correlations at Parkfield (Thomas et al., 2009 ) and seismic tomography in other regions (Shelly et al., 2006) . We shift the tremor signals back to the source region based on a 1D velocity model in each region and use a constant phase velocity (4:1 km=s for the Love and 3:5 km=s for the Rayleigh waves) to shift the time-dependent triggering potentials or dynamic stress grams back to the tremor source region (Miyazawa and Mori, 2006; Rubinstein et al., 2007) . We also take a smoothed-envelope function of the tremor signals and compute the cross correlations with the stress grams for the Love and Rayleigh waves and the sum traces separately.
In western Shikoku (Fig. 14a) , the Love waves correlate better with the first two cycles of tremor bursts, but the later single tremor burst is not correlated well with either the Love or Rayleigh waves. At Parkfield (Fig. 14b) , the first two cycles of tremor burst (between 1800 and 2000 s) are better correlated with the Love waves than they are later, when the tremor better associates with the Rayleigh waves. In both cases, the correlation coefficient values for the Love waves are higher than those for the Rayleigh waves, which is consistent with the higher triggering potential of Love waves ( Fig. 13) and their larger amplitudes.
Discussion and Conclusion
In this study, we conducted a global search of deep tectonic tremor triggered by the 2011 M w 9.0 Tohoku earthquake. Among the regions where either ambient or triggered tremor has been previously observed, we have found tremor triggered by the Tohoku mainshock in nine of these regions (Figs. 3-11) . Such widespread triggering of tremor by the Tohoku mainshock is perhaps not surprising because the observed dynamic stress values at all of these regions equal or exceed 10 kPa (Fig. 2) , which is close to or higher than the apparent triggering threshold found in previous studies (i.e., from 2 to 8 kPa) (Peng et al., 2009; Rubinstein et al., 2009; Chao, Peng, Wu, et al., 2012) . However, no clear evidence of tremor triggered by the Tohoku earthquake was found at either the CF in northern California or Guerrero, Mexico (Zigone et al., 2012; Ⓔ Figs. S3 and S4 in the electronic supplement). While we found several high-frequency signals recorded by a nearby broadband station in Nicoya Peninsula, Costa Rica, during the teleseismic surface waves (Ⓔ Fig. S3 in the electronic supplement), we cannot verify the existence or lack of triggered tremor since additional waveform data are not yet open to the public. At the CF, while we did not identify coherent tremor-like signals in the band-pass-filtered seismograms (Ⓔ Fig. S4 in the electronic supplement), we observed small-amplitude tremor signals in the surface broadband and borehole short-period recordings at the SJF in southern California (Fig. 10) . We cannot rule out the possibility that weak tremor was triggered in the CF, but it was not detected because its amplitude is smaller than or close to that of background noise. Hence, we imply that tremor could be triggered in wider tectonic regions than we previously expected yet could remain undetected because its amplitude is below the noise level.
In places where ambient tremor was previously reported (e.g., southwest Japan, Taiwan, Aleutian Arc, Alaska, Cascadia, Parkfield, and New Zealand), triggered tremor was generally observed near the ambient tremor sources. In southwest Japan, triggered tremor appeared to occur in the up-dip direction as compared with the location of most ambient tremor. Even if we perform a grid search at depths of 0-60 km, the horizontal locations in these regions vary only within 0:02°, suggesting that fixing tremor depth would not affect the horizontal location significantly. Although we could explain such observations as depth-dependent behavior of triggered and ambient tremor (e.g., Wech and Creager, 2011) , triggered and ambient tremor in southwest Japan were located using different techniques. Hence, the apparent differences in the horizontal locations of triggered and ambient tremor could simply have originated from the use of varying location techniques rather than from genuine differences in behavior.
Parkfield is the only region where triggered and ambient tremor was identified and located with the same technique by Shelly and Hardebeck (2010) . Shelly et al. (2011) summarized previous observations of triggered tremor in that region and found that the shallowest (< 20 km) tremor families in the creeping section of the SAF were infrequently triggered. However, it is not clear whether such a difference is caused by depth-dependent tremor behavior or variations in the tremor amplitudes, in which concurrent strong tremor sources mask weak tremor sources. We also examined the ratios between the number of tremor that occurred during the teleseismic surface waves to the total number of tremor that occurred within six days before the Tohoku mainshock (Fig. 9b) . We found that only deep tremor (e.g., > 20 km) in the creeping section of the SAF was triggered, which is similar to the general patterns observed by Shelly et al. (2011) . However, such a pattern is unclear for tremor sources near Cholame. Further systematic studies could verify any systematic differences between the locations of triggered and ambient tremor and identify the cause of possible depthdependent tremor behaviors in the creeping section of the SAF. Nevertheless, it is evident that triggered and ambient tremor at Parkfield shares the same LFE template families.
This suggests that both types of tremor originated from the same source but that triggered tremor are driven by the extra stress changes from the surface waves . Because we are using waveforms of existing LFE families to detect within triggered tremor, only those LFE events with similar waveforms would be detected. However, the fact that we have detected 39 LFE events within 650 s of the teleseismic waves (with an average of 3.6 events per minute) suggests that these LFE families could explain most of the triggered tremor signals.
We found a positive correlation between the amplitudes of triggered tremor and the amplitudes of the associated dynamic stresses of the teleseismic surface waves in all regions (Fig. 12) . This observation is consistent with the predictions of the clock-advance model (Gomberg, 2010) that larger triggering waves result in larger triggered tremor signals. For example, in the SJF, the PGV measured at station RDM during the Tohoku mainshock was ∼0:12 cm=s, about one-fifth of the PGV of 0:54 cm=s during the 2002 Denali fault earthquake (Chao, Peng, Fabian, et al., 2012) . The median triggered tremor amplitude was ∼0:2 and ∼10 nm=s for the Tohoku and Denali fault earthquake, respectively, which is again qualitatively consistent with the prediction of the clock-advance model. This finding also suggests that in regions where the background tremor rate is low (e.g., the SJF or the CF in California) or the background seismic noise is high, larger triggering waves are needed to trigger tremor with amplitudes above the background noise level. Although the correlation between the PGV and tremor amplitude is statistically significant, the data points are somewhat scattered, and the scatter becomes larger after the tremor amplitude corrections. The later is likely caused by the assumption of a constant Q, location errors, and/or other unknown path or site effects that modify the high-frequency tremor amplitudes. In addition, we also did not take into account differences among the background tremor rates in each region.
Finally, we systematically modeled the triggering potentials of Love and Rayleigh waves using a simple Coulomb failure criterion (Hill, 2010 (Hill, , 2012b . Our modeling results confirmed that both Love and Rayleigh waves play important roles in the triggering of tremor and that their triggering potentials are partially controlled by the incident angles of incoming surface waves (Fig. 13) . We also computed the timedependent stress changes for the Love and Rayleigh waves, or stress grams, and compared them with the tremor signals. We found that tremor pulses do not necessarily correlate with the peaks in any of the three displacement components but correlate better with the peaks in the calculated triggering potential, i.e., stress grams (Fig. 14) . In other words, tremortriggering potential could be caused by the combination of the dynamic stresses from both surface waves. This is particularly true following the arrival of a Rayleigh wave when Love-and Rayleigh-wave stresses may interfere constructively. This observation indicates that amplitudes and incidence angles of both Love and Rayleigh waves must be taken into account when evaluating their triggering potentials.
The fact that tremor amplitude is controlled mainly by the triggering waves and the background tremor rate, indicates that one could theoretically predict the occurrence of triggered tremor in certain regions immediately after the occurrence of major earthquakes and before the arrival of surface waves. The amplitudes of triggered tremor are ∼10-100 nm=s, which is equivalent to a magnitude 0 to 1 earthquake. Hence, although triggered tremor does not cause any damage, it provides a useful tool to study how large earthquakes could change tremor behaviors and affect the deep fault zone behaviors at long-range distances.
Data and Resources
Seismograms used in this study were downloaded from the following resources: (1) Alaska and the Aleutian Arc: the Alaska Volcano Observatory (Network code: AV) distributed through the Incorporated Research Institutions for Seismology (IRIS) website (http://www.iris.edu/mda, last accessed theoretical and observed travel-time differences (ΔT i;j ) for all station pairs (pair i;j ) (Peng and Chao, 2008; Peng et al., 2009; Chao, Peng, Wu, et al., 2012) . Because tremor is primarily generated by shear failure at depth, we qualitatively explore horizontal seismograms, and for those that show clear tremor bursts, we compute the envelope function of the seismograms. If N stations are used to locate tremor, the total number of station pairs is n i;j NN − 1=2. The equation for computing the rms for each grid point ([x, y, z] 
where theo and obs denote the theoretical and observed travel-time differences (ΔT i;j ), respectively, for all pairs ( P pair i;j ). For each single pair i;j , the theoretical travel-time difference (Δt theo i;j ) is computed from the difference of Swave travel times from a common source (x, y, z) to different stations i and j based on a 1D velocity model in each region (Ⓔ Table S3 in the electronic supplement). The observed travel-time difference (Δt obs i;j ) is computed from a cross correlation of envelope functions for each tremor burst.
The best tremor location x; y; z best for each tremor burst corresponds to the minimum rms within the entire grid search space. The final tremor location for each triggering event is calculated by averaging the locations from different tremor bursts weighted by the rms.
Because the tremor depth is generally not well constrained, in this study, we fix the tremor depth to a fixed value in each region (Ⓔ Table S1 in the electronic supplement). Hence, the grid search is performed in the longitude and latitude in only a grid space of 0.01°.
For regions with multiple tremor sources, we first qualitatively separate the observed tremor signals into several groups based on their different waveform characteristics and moveout. This is done as follows. First, the seismograms observed at all stations that recorded clear tremor bursts are plotted along the strike of the plate interface. If the tremor originates from different sources, we would expect to see a different moveout pattern for different individual bursts.
Next, we try to locate initial sources of individual tremor bursts and use the moveout plot (i.e., seismograms plotted relative to the distance between the recording station and the tremor source) to confirm whether or not the location is reliable. We use different combinations of nearby stations until we obtain stable tremor sources. We consider multiple tremor sources if their epicenters are at least 30 km distance apart, which is larger than the location errors of each tremor source. For tremor sources within 30 km, an average, stable location is obtained from individual tremor bursts. 
